We report that amino acids 50 to 77 of azurin (p28) preferentially enter the human breast cancer cell lines MCF-7, ZR-75-1, and T47D through a caveolin-mediated pathway. Although p28 enters p53 wild-type MCF-7 and the isogenic p53 dominant-negative MDD2 breast cancer cell lines, p28 only induces a G 2 -M-phase cell cycle arrest and apoptosis in MCF-7 cells. p28 exerts its antiproliferative activity by reducing proteasomal degradation of p53 through formation of a p28:p53 complex within a hydrophobic DNA-binding domain (amino acids 80-276), increasing p53 levels and DNA-binding activity. Subsequent elevation of the cyclin-dependent kinase inhibitors p21 and p27 reduces cyclin-dependent kinase 2 and cyclin A levels in a time-dependent manner in MCF-7 cells but not in MDD2 cells. These results suggest that p28 and similar peptides that significantly reduce proteasomal degradation of p53 by a MDM2-independent pathway(s) may provide a unique series of cytostatic and cytotoxic (apoptotic) chemotherapeutic agents.
Introduction
Azurin, a member of the cupredoxin family of redox proteins present in bacteria and green plants, is a type I copper-containing soluble protein (10-14 kDa) that transports electrons during denitrification and photosynthesis (1) . We and others have shown that azurin preferentially enters cancer cells (2) (3) (4) (5) and induces a p53-mediated apoptosis in murine J774, human breast cancer, melanoma (2, 3, 5) , and osteosarcoma cells but not in p53-negative osteosarcoma and normal liver cells (p53 wild-type; ref. 6) . Azurin also inhibits the proliferation of p53 wild-type breast and melanoma xenografts in athymic mice (3, 5) possibly by stabilizing intracellular levels of p53 (3, 5) . Microcalorimetry studies suggest that azurin binds to the NH 2 -terminal domain of p53 with nanomolar affinity in a 4:1 stoichiometry (7). Additional observations also suggest that azurin binds to the NH 2 -terminal domain and DNA-binding domain (DBD), which include amino acids 1 to 292, but not the COOH-terminal region of p53 (5, 7) , and that the azurin:p53 complex is stable (8) . Docking and free energy studies show azurin binding to the flexible L 1 and s 7 -s 8 loops of the p53 DBD and stabilizing them through tight protein-protein packing interactions (9) . Site-directed mutagenesis of azurin also indicates that the region interacting with p53 contains amino acids Met 44 and Met 64 , located in a hydrophobic patch of the protein. This region appears critical for formation of a p53 complex (3) and may be key to stabilizing the flexible L 1 and s 7 -s 8 motifs of p53 (9) . It may also be critical to understanding the mechanism underlying the antiproliferative activity of azurin (3, 5) .
Amino acids 50 to 77 of azurin (p28), which encompass Met 64 , essentially act as a protein transport domain for azurin (10) . We refined the protein transport domain to amino acids 50 to 67 of azurin (p18) and suggested that the COOH-terminal 10 to 12 amino acids of p28 were responsible for its antiproliferative activity (11) . Here, we show how p28 accounts for a significant amount of the overall tumoricidal activity of azurin in vitro and in vivo by binding to and increasing intracellular levels of p53, elevating the cyclin-dependent kinase (CDK) inhibitors p21 and p27, and inhibiting cell cycle at G 2 -M in a time-dependent manner.
Materials and Methods

Cell Culture
The human breast cancer cell lines used were MCF-7 (p53 wild-type), MCF-10A (p53 wild-type), ZR-75-1 (p53 wildtype), T47D (p53 mutant; American Type Culture Collection), and MDD2 (p53 dominant-negative; courtesy of Dr. Andrei V. Gudkov, Roswell Park Cancer Institute); cells were cultured in MEM-E (Invitrogen) containing 2 mmol/L L-glutamine and 0.1 mmol/L essential amino acids supplemented with 10% heat-inactivated fetal bovine serum (3, 5, 11) .
Bacterial Culture and Isolation of Azurin Escherichia coli JM109 culture and wild-type azurin purification steps were as described (2) .
Peptide Synthesis
All azurin-derived peptides including p18 (Leu 50 , and poly-arginine (Arg 8 ) were synthesized by CS Bio at >95% purity and mass balance.
Cell Proliferation Assays
The effect of p28 on cell proliferation was determined as described (11) . Briefly, cells were seeded into 24-well plates (Becton Dickinson) and incubated overnight at 37°C. Culture medium containing p28 at 5 to 200 μmol/L was changed daily. After p28 treatment, trypsinized cells were counted using a Beckman Coulter (Z1 coulter particle counter). The cells without p28 added in the wells were used as control (100%). Estradiol-pretreated (0.72 mg/pellet, 60-day release; Innovative Research) female athymic mice (Harlan; 4-5 weeks old) received 3 × 10 6 MCF-7 cells s.c. on the right flank. Mice were randomized into control and experimental groups when xenograft tumors reached 1 to 2 mm in diameter (5) . Control animals received either PBS/castor oil i.p.; 12.8 mg/kg (15 μmol/kg) paclitaxel in PBS/castor oil i.p. on days 10, 14, 21, and 25 post-tumor development (12); or 5 mg/kg (1.7 μmol/kg) or 10 mg/kg (3.4 μmol/kg) p28 in sterile PBS i.p. daily for 30 days. Tumor volume was determined three times a week (3, 5) . Body weights were measured twice weekly. Mice were necropsied on day 31 and all tumors were excised and processed for histopathology and immunocytochemistry. Significance (P < 0.05) between control and treated groups was determined using a series of mixed-model analyses as described previously (5) . A log-quadratic mixed-model fit the data and identified 10 mg/kg p28 as significantly different than control.
Immunocytochemistry Bromodeoxyuridine (BrdUrd; 50 mg/kg body weight) was injected i.p. 2 h before necropsy to identify dividing cells. Tumor cell nuclei labeled with BrdUrd were identified with an anti-BrdUrd monoclonal antibody (Becton Dickinson). p53 expression was assessed in formalin-fixed, 5 μm paraffin sections with p53 antibody (DO-1; Santa Cruz Biotechnology) and rat anti-mouse IgG2a as the second antibody. Cells expressing p53 were identified with Vectastain Elite ABC kit (Vector Laboratories) and 3,3′-diaminobenzidine tetrahydrochloride (Sigma-Aldrich). Slides were counterstained with hematoxylin. Ten nonoverlapping fields (250 cells per field) from each tumor periphery were counted (40×) for p53-labeled cells (13) .
Cell Penetration Studies by Confocal Microscopy and Fluorescence-Activated Cell Sorting
Cell penetration studies and inhibitor conditions were as described (11) . At least 10,000 cells were analyzed by fluorescence-activated cell sorting (FACS; red fluorescence; FL-8 filter) and mean fluorescence intensity (MFI) was calculated. Data are presented as mean ± SE of three independent observations. Cyclin B1 and p21 staining were done on fixed cells, permeabilized with methanol and acetone, washed with PBS, and incubated with anti-p21 or anticyclin B1 at 1:200 dilution. Secondary antibody conjugated to Alexa Fluor 568 was used at 1:100 dilution (11). Images were taken using an inverted confocal laser scanning microscope (model LC510; Carl Zeiss).
Kinetics of p28 Entry MCF-7, MCF-10A, and MDD2 cells (3 × 10 5 ) were suspended in MEM-E without phenol red. Reactions were started by adding Alexa Fluor 568-conjugated p28 at 10 to 300 μmol/L for 30, 60, 90, and 120 s on ice. After incubation, 1 mL cold PBS was added to each reaction tube and cells were centrifuged twice at 600 × g at 4°C for 2 min. Fixed cells were analyzed for each time point and concentration by FACS and background and relative fluorescence were calculated (11) .
Cell Cycle Analysis MCF-7 and MDD2 cells were incubated with 50 μmol/L of p28 for 48 and 72 h at 37°C, washed with PBS, and fixed in 70% ethanol at −20°C. Fixed cells were washed with PBS and stained by 50 μg/mL propidium iodide in PBS containing 20 μg/mL RNase A (4). Flow cytometry (EPICS Elite ESP; Beckman Coulter) was used to determine DNA content. A minimum of 10,000 cells were collected in each experiment.
Immunoblotting and Immunoprecipitation Analyses MCF-7 and MDD2 cells were cultured with 50 μmol/L p28 for 24, 48, and 72 h and whole-cell lysates were prepared as described earlier (2) . Phosphorylated cdc2 was analyzed in cell lysates prepared in 10 mmol/L NaF, 137 mmol/L NaCl, 1 mmol/L NaVO 4 , 10 mmol/L EDTA, 1% NP-40, 1 mmol/L DTT, and proteinase inhibitors (Sigma-Aldrich). Caveolin-enriched fractions were prepared as described (14, 15) . Briefly, MCF-7 cells were incubated in the presence or absence of 50 μmol/L p28 for 0 (control), 5, 30, and 60 min at 37°C. Washed cells (PBS) were homogenized, samples adjusted to 45% sucrose, and placed at the bottom of the ultracentrifuge tubes. A 5% to 35% discontinuous sucrose gradient was formed above and centrifuged at 200,000 × g for 20 h at 4°C. Each fraction was collected and used for immunoblotting. Ubiquitinated p53 was detected as described (16, 17) . MCF-7 cells were cultured with p28 at 50 μmol/L for 24, 48, and 72 h in the absence or presence of the proteasome inhibitor MG132 (Sigma-Aldrich) for 7 h before harvesting (18) . Equal amounts of protein were immunoprecipitated from whole-cell lysates for Western analysis with anti-p53 antibody. Whole-cell lysates were also subjected to Western analysis with anti-actin antibody as a loading control. Immunocomplexes were washed twice, separated on a 4% to 12% gel, and transferred to a polyvinylidene difluoride membrane. Antibodies against p53 (DO-1 and FL393), p27, CDKs, cyclins (Santa Cruz Biotechnology), and p21 (Invitrogen) were used according to the suppliers' instructions. Actin expression was determined with a monoclonal actin antibody (Santa Cruz Biotechnology), and protein bands were visualized using ECL reagent (Santa Cruz Biotechnology).
Anti-p28 Antibody We introduced a cysteine at the NH 2 terminus of p28 (CS Bio), conjugated the peptide with keyhole limpet hemocyanin through the thiol groups of the cysteine residue, and generated a polyclonal antibody in rabbits (New Zealand White). Antibody titer was determined by direct ELISA using p28 (0-3 μg/well). An antibody dilution of 1:140,000 was sufficient to give a reproducible change in absorbance of 0.5 at 450 nm after 15 min incubation with substrate (1-Step PNPP; Pierce) at 25°C when 96-well plates (Nunc) were coated with 1 μg/well p28.
GST Pull-down and Competition Assays p28 binding to p53 was analyzed using a GST pull down assay essentially as described (5) . GST-p28, GST-MDM2 (murine double minute 2), and GST alone were bound to glutathione-Sepharose 4B beads (GE Healthcare) and unbound peptide was removed by washing with PBS. Whole-cell lysates of MCF-7 cells were mixed with beads, incubated for 2 h at 4°C, membranes washed twice with PBS, and boiled in SDS sample buffer before loading on 10% SDS-PAGE. Membranes were then incubated with skim milk (5%) in Tris-0.05% Tween 20 and polyclonal p53 antibody (FL-393; Santa Cruz Biotechnology), washed three times with Tris-0.05% Tween 20, secondary rabbit IgG-horseradish peroxidase antibody (Sigma-Aldrich) applied, and incubated for 1 h at room temperature. Potential binding sites on p53 were identified as follows. A GST pull-down assay in the presence of p28 (10-50 molar excess) was used to analyze interaction at the MDM2-binding site (19-26 amino acids) of p53; p53 bands were detected by immunoblotting with three anti-p53 antibodies, pAb1801 (32-79 amino acids; Santa Cruz Biotechnology), Ab2433 (277-296 amino acids; Abcam), and pAb1802 (306-393 amino acids; Santa Cruz Biotechnology), which represented the broadest coverage of the native p53 protein commercially available. After incubation, samples were washed twice with PBS to remove unbound p28, boiled in native PAGE sample buffer (Tri/glycerol/BPB), and loaded on 5% native PAGE. Samples were transferred to polyvinylidene difluoride membrane by electroblotting (0.2 Amp for 1 h) and membranes were incubated with a polyclonal antibody to p28 (1:5,000 dilution). After washing, horseradish peroxidase-conjugated rabbit anti-IgG antibody (1:7,000 dilution; Santa Cruz Biotechnology) was applied.
p28 regions binding to p53 were identified using competition between p28 and the p28 fragments p12, p18, and p18b for immobilized GST-p53. Reactions were incubated for 2 h at 4°C, washed twice with PBS to remove unbound p28, and loaded on 5% native PAGE. Polyvinylidene difluoride membranes were incubated with the polyclonal antibody to p28 at 4°C for 16 h. Band intensity was determined using Gel & Graph Digitizing Software, UN-SCAN-IT (Silk Scientific), and the ratio of specific protein to actin was calculated. Numbers displayed below each protein band are relative percentage (0 h expressed as 100%).
p53 DNA-Binding Activity Nuclear fractions (Nuclear Extraction Kit; Active Motif) were isolated from MCF-7 cells after incubation with either 50 μmol/L p28 or azurin for 24 h according to the manufacturers' instructions. DNA-binding activity of p53 was analyzed using a TransAM p53 kit (Active Motif). Briefly, binding buffer containing DTT and poly(dI-dC) was introduced to each well to prevent nonspecific binding to the p53 consensus oligonucleotide. Nuclear extracts treated with H 2 O 2 or buffer only were applied to each well as positive and negative controls, respectively. p53 antibody (1:1,000 dilution) was applied and incubated for 1 h. After washing, secondary antibody conjugated with horseradish peroxidase was added. p53 binding to DNA was determined by absorbance at 450 and 655 nm.
Reverse Transcription-PCR MCF-7 cells were exposed to 50 μmol/L of p28 for 16, 24, 48, and 72 h. RNA was extracted using QIAshredder and the RNeasy kit (Qiagen), and 1 μg RNA was used for reverse transcription with 500 ng oligo(dT) [12] [13] [14] [15] [16] [17] [18] and SuperScript III reverse transcriptase (Invitrogen) at 50°C for 50 min. The annealing temperature was 57°C (25 cycles). The primers used were as follows: p53 5′-CAGCCAAGTCTGTGACTT-GCACGTAC-3′ and 5′-CTATGTCGAAAAGTGTTTCTGT-CATC-3′ and glyceraldehyde-3-phosphate dehydrogenase 5′-ACCTGACCTGCCGTCTAGAA-3′ and 5′-TCCAC-CACCCTGTTGCTGTA-3′ (19) . PCR products were electrophoresed on a 2% agarose gel and visualized with ethidium bromide.
Results
Peptide Entry into Human Breast Cancer Cells
Confocal images indicated that p28 preferentially penetrated human breast cancer cells, MCF-7, T47D, and ZR-75-1, relative to normal MCF-10A cells (Fig. 1A, 1 ). FACS analysis confirmed that p28 entry into the three human breast cancer cell lines was ∼2-to 3-fold higher than in MCF-10A cells (ref. 20 ; Fig. 1A, 2) . p28 entry into MCF-7 determined by FACS showed penetration of MCF-7 cells (V max , 1.89 MFI/s; K m , 144.3 μmol/L) and MCF-10A cells (V max , 0.79 MFI/s; K m , 99.4 μmol/L) was saturable and ∼2.4 times faster in MCF-7 cells (Fig. 1B) . Exposure of MCF-7 cells to methyl-β-cyclodextrin and filipin, which disrupt caveolae through cholesterol depletion, significantly inhibited the penetration of p28 (Fig. 1C, 1) . The microtubule-disrupting agent, nocodazole, which inhibits caveosome formation and transport, confirmed p28 penetration involves caveolae-mediated endocytosis (Fig. 1C, 1) . In contrast, chlorpromazine, amiloride, and sodium azide, inhibitors of clathrin-mediated endocytosis, macropinocytosis (Na + /H + pump), and energy-dependent transport, respectively, had no effect on the penetration of p28 (Fig. 1C, 1) . Monensin, an inhibitor of late endosome/ lysosome processing, also reduced the intracellular accumulation of p28 (Fig. 1C, 1) . The penetration of p28 into MCF-10A cells was also inhibited by methyl-β-cyclodextrin, filipin, nocodazole, and monensin but not by amiloride, chlorpromazine, and sodium azide (Fig. 1C, 2) . MCF-7 cells were also more sensitive to the effects of methyl-β-cyclodextrin (∼2.1-fold higher), filipin (∼1.2-fold with Alexa Fluor 568-labeled p28 at 37°C for 2 h and images were recorded by confocal microscopy (1). Red, Alexa Fluor 568-labeled p28; blue, 4′,6-diamidino-2-phenylindole (nucleus). Entry of p28 into human breast cancer MCF-7, T47D, and ZR-75-1 and normal MCF-10A cells at 37°C for 2 h was examined by FACS and MFI was determined with Summit V4.3 software. Values represent calculated fold increase over fluorescence from normal breast cells. Mean ± SE of three independent observations (2). B, kinetics of p28 entry into MCF-7 cells (triangle) relative to MCF-10A cells (circle) was determined by FACS (11) . At least 10,000 cells were analyzed for each time point and concentration and MFI was calculated. K m and V max were determined by plotting p28 concentration (μmol/L) versus velocity (MFI/s). C, FACS analysis of p28 entry into MCF-7 and MCF-10A cells in the absence or presence of inhibitors. MCF-7 cells (1) and MCF-10A cells (2) were pretreated with inhibitors and incubated with 20 μmol/L Alexa Fluor 568-labeled p28. Negative control (no inhibitor/p28; black). Positive control (p28 only; red) was considered as 100%. Specific inhibitors included methyl-β-cyclodextrin (caveolae inhibitor 5 mmol/L, 60 min; light green), filipin (caveolae inhibitor 3 μg/mL, 60 min; brown), nocodazole (inhibits caveosome formation; 10 μmol/L, 60 min; gray), monensin (inhibits at late endosome/lysosome; 10 μmol/L, 60 min; green), chlorpromazine (inhibitor of clathrin-mediated endocytosis; 10 μg/mL, 60 min; purple), amiloride (macropinocytosis inhibitor; 50 μmol/L, 30 min; blue), and sodium azide (metabolic inhibitor; 1 mmol/L, 60 min; orange). Mean ± SE. D, immunoblotting of caveolin-1 (E249; Abcam) in MCF-7 cells. Fractions (1, 5%; 2, 35% top layer; 3, 35% bottom layer; 4, 45% sucrose) were collected, separated on SDS-PAGE, and immunoblotted. Band intensity of caveolin-1 (22 kDa) was determined using Gel & Graph Digitizing Software, UN-SCAN-IT (1). Colocalization of p28 with caveolin-1 (2). MCF-7 cells cultured with Alexa Fluor 568-labeled p28 at 20 μmol/L were fixed and stained with anti-caveolin 1 antibody (Abcam; ref. 11). Red, Alexa Fluor 568-labeled p28; blue, 4′,6-diamidino-2-phenylindole (nucleus); green, caveolin-1; yellow, arrowhead, colocalization of p28 (red) with caveolin-1 (green). Confocal image for colocalization of Alexa Fluor 568-labeled p28 (red) with Golgi (green) in MCF-7 cells (2). Anti-golgin antibody was used for immunostaining (11) . Red, Alexa Fluor 568-labeled p28; blue, 4′,6-diamidino-2-phenylindole (nucleus); green, Golgi; yellow, arrowhead, colocalization of p28 (red) with Golgi (green). higher), and nocodazole (∼1.6-fold higher) than MCF-10A (Fig. 1C) , suggesting that although MCF-7 and MCF-10A may share similar routes of entry (caveolae-mediated and caveolae-and clathrin-independent mechanisms), the number of entry sites may be greater on (breast) cancer cells (11) . Immunoblotting of caveolin-1 in MCF-7 cells revealed that the level of caveolin-1 was elevated in 35% sucrose fractions after exposure to p28 for 30 to 60 min (Fig. 1D) , suggesting that p28 increased turnover of caveolae-mediated transport. Confocal images showed that p28 colocalized with caveolin-1 and golgin antibodies (Fig. 1D, 2) , confirming their involvement in p28 entry and intracellular transport.
Effect of p28 Treatment on the Growth of Human Cancer Cells In vitro and In vivo
Azurin exerts its anticancer activity through induction of p53-mediated apoptosis (3, 5) . Figure 2A and B illustrates the inhibitory effect of p28 on p53 wild-type MCF-7 and ZR-75-1 cells. The antiproliferative effect of p28 on MCF-7 cells was dose-and time-dependent (P < 0.05), decreasing cell number ∼9.3%, ∼29%, and ∼50% at 50 μmol/L for 24, 48, and 72 h, respectively ( Fig. 2A) . p28 also inhibited (P < 0.05) the growth of ZR-75-1 cells, 16% at 50 μmol/L and 44% at 100 μmol/L after 72 h exposure, similar to the effect of 5 μmol/L doxorubicin (Fig. 2B) . Moreover, p28 significantly reduced (P < 0.05) the volume of MCF-7 xenografts in athymic mice over the course of a daily 30-day i.p. exposure (Fig. 2C ) without inducing either a loss in body weight or a behavioral change (data not shown). By day 30, 10 mg/kg (3.4 μmol/kg) p28 daily i.p. inhibited MCF-7 tumor growth ∼20% more than 12.8 mg/kg (15 μmol/kg) paclitaxel over almost the entire course of the study. A reduction in BrdUrd labeling confirmed the reduction Table 1 ). The reduction in BrdUrd labeling and tumor volume was accompanied by a slight increase in nuclear p53 staining in p28 and a significant increase in the paclitaxel-treated groups compared with control ( Table 1) .
Inhibition of Cell Cycle Progression by p28
The rate of entry of p28 (11) into two isogenic human breast cancer cell lines, MCF-7 and MDD2 (Fig. 3A) , was V max 1.89 MFI/s (MCF-7) and 2.21 MFI/s (MDD2) and K m 144.2 μmol/L (MCF-7) and 147.9 μmol/L (MDD2). Cell cycle analysis of the two cell lines revealed an increased cell population at the G 2 -M phase after exposure to p28 for 48 to 72 h and subsequent induction of apoptosis (∼22%) at 72 h in MCF-7 cells (Fig. 3B) . In contrast, there was essentially no inhibition of cell cycle progression or apoptosis in MDD2 cells exposed to p28 (Fig. 3C) , suggesting that any inhibition of proliferation by p28 was not likely to be a function or artifact of the amount of entry of p28 into the single breast epithelial cell line tested.
p53 Levels Are Elevated by p28 Azurin forms a complex with p53 and elevates intracellular p53 levels in MCF-7 cells (3, 5) . Exposure of MCF-7 cells to p28 also markedly increased the intracellular level of p53 in MCF-7 cells with time of exposure (Fig. 4A) . A GST pull-down assay suggested that p28 binds to p53 (Fig. 4B) . Here, GST-p28 (10) and GST-MDM2 successfully pulled down p53 from MCF-7 cell lysates, but GST alone did not. We mapped the p53-interacting region of p28 using a similar assay and different fragments of p28. When GST-p53 protein immobilized on Sepharose 4B-glutathione beads was incubated with p28 and either p18 (amino acids 50-67), p18b (amino acids 60-77), or p12 (amino acids 66-77) of azurin, a significant amount of p28 was displaced by p18 and p18b, but only weakly when p12 was used as the competitor (Fig. 4C) . These results suggest that maximal binding to p53 occurs within amino acids 11 to 18 of p28 (amino acids 60-67 of azurin), with the COOH-terminal 12 amino acids of p28 less efficient in binding p53.
The DNA-binding activity of p53 in nuclear extracts from MCF-7 cells treated with p28 or azurin was ∼1.8-and ∼2.3-fold higher than that from untreated control (P > 0.1, p28 versus azurin). The p53 wild-type consensus, but not the mutated oligonucleotide sequence, completely blocked the p28-induced increase in p53, confirming that the p53 in nuclear extracts of MCF-7 cells remains active, binding specifically to the consensus oligonucleotide sequence of p53 wild-type (Fig. 4D) .
Stabilization of p53 by Prevention of Proteasomal Degradation
As the elevation in p53 in response to p28 exposure could result from either transcriptional activation of p53 or protein stabilization, we determined the level and time course of p53 expression in MCF-7 cells during exposure to p28. Reverse transcription-PCR showed that p53 transcription was not significantly altered after exposure to p28, suggesting that the increase in p53 occurred posttranslationally (Fig. 5A) . Computer modeling indicates that azurin binds, in part, to the NH 2 -terminal region of p53 near MDM2, an E3 ubiquitin ligase (21) and major regulator of p53 degradation (22) , suggesting that p28 could interfere with MDM2 binding to p53 (23) . However, molar increases of p28 did not compete with GST-MDM2 for binding to p53 (Fig. 5B) , suggesting that any p28-induced decrease in the ubiquitination of p53 was not via a MDM2-mediated pathway (Fig. 5C ) and that amino acids 19 to 26 of p53, the MDM2-binding site (24), was not a preferred binding site for p28. The ladder of p53-specific high molecular weight and smear bands that result from ubiquitination of p53 (p53-Ub n ; refs. 17, 25) , the main p53 degradation pathway, in the presence of the proteasome inhibitor MG132, was markedly reduced compared with untreated control when MCF-7 cells were exposed to p28 at 50 μmol/L for 24 h (Fig. 5C ). The inhibitory effect was increased and extended 48 h postexposure to p28 when the proteasome inhibitor MG132 was incorporated into the reaction. At 72 h, the level of p53-Ub n was slightly higher than control. Because p28 continued to accumulate p53 after 72 h exposure (∼332%; Fig. 4A) , the slightly higher level of p53 may provide substrate for several additional known E3 ubiquitin ligases promoting degradation by the proteasome pathway. In sum, the results suggest that the p28-induced increase in p53 levels resulted from stabilizing p53 through decreased ubiquitination and proteasomal degradation rather than transcriptional activation.
An additional GST pull-down assay in the presence or absence of p53 antibodies, which recognize different motifs of the p53 protein (amino acids 32-79, 277-296, and 306-393), did not block p28 binding to p53. This suggests that p28 binds to a region of p53 outside these recognition sites 
Modulation of Cell Cycle-Related Proteins by p28
Upregulation of the CDK inhibitors p21 and p27 blocks cell cycle progression (26) . p28 increased intracellular levels of p21, p27, CDK6, and cyclin B1 over control in MCF-7 cells with time post-exposure (Fig. 6A) . The levels of CDK2 and cyclin A, essential proteins in the mitotic process (27) , decreased with time post-exposure of MCF-7 cells to p28 (Fig. 6A) . In contrast, p53, cdc2, CDK2, CDK4, and CDK6 essentially remained constant in MDD2 cells (Fig. 6A) , whereas cyclin A and cyclin B1 (48 h) increased slightly. Because p21 can be expressed by a p53-independent pathway in MDD2 cells (28, 29) , p21 remained detectable. However, p28 did not alter the level of p21 (Fig. 6A) . In contrast, p27 was not detectable in untreated or p28-exposed MDD2 cells. The increased levels of p21 and cyclin B1 in MCF-7 cells detected by immunoblotting in response to p28 are reflected by their increase in nuclear and cytosolic compartments, respectively ( Fig. 6B  and C) . Exposure of MCF-7 cells to p28 also induced the accumulation of phosphorylated cdc2, the inactive form of cdc2 (30), which did not increase following exposure of MDD2 cells to p28 (Fig. 6D) .
Discussion
Amino acids 50 to 77 of azurin (p28) exhibit preferential penetration and an antiproliferative effect on human breast cancer cells mediated by p53, a tumor suppressor protein that becomes functionally active in response to stress and triggers either cell cycle arrest or apoptotic cell death (31). We and others using a series of GST pulldown assays (5), glycerol gradient centrifugation (2, 3), microcalorimetry (7), single-molecule force spectroscopy (8) , and computer modeling (9, 23) have reported that azurin binds within either the NH 2 -terminal domain or the DBD of p53 and increases its intracellular levels (3, 5, 7) . Our suggestion that the azurin-binding domain for p53 includes a hydrophobic patch described by azurin Met 44 and Met 64 is supported by the observation that a disrupted hydrophobic patch mutant (mutant azurin M44KM64E) is less cytotoxic to human melanoma (Mel-2) cells than wild-type azurin (3) . This suggests that the p53-binding domain of the azurin molecule surrounds the hydrophobic patch. A recent docking simulation study showed a significant loss of ∼75 kJ/mol in the interaction free energy of the mutant complex with respect to wildtype azurin (9) , again indicating that the hydrophobic patch of azurin surrounding residues Met 44 and Met 64 is important for interaction with p53. As Met 64 resides within the p53-binding site of p28 (amino acid 15 of p28), our competition assays, mutant studies, and docking experiments clearly suggest that this is the azurin domain that binds to p53. Interestingly, this is also the region we identified as the protein transport domain for azurin entry into cells (11) .
The increase in p53 in response to p28 occurs posttranslationally and essentially results from a reduction in proteasome degradation of p53. As p53 stability is predominantly regulated through the ubiquitin-proteasomal pathway, identification of molecules that block ubiquitination of p53 is a promising therapeutic strategy for the treatment of cancers. Small molecules such as the cisimidazole analogue Nutlin and HLI98, which interfere with p53:MDM2 interaction and inhibit the E3 ubiquitin ligase activity of MDM2, respectively, have been screened for potential as cancer therapeutics (32, 33) . Recent studies have shown that, among the known ubiquitin ligases for p53, MDM2, COP1, Pirh2, ARF-BP1, and possibly Parc and TOPORS are expressed in breast cancer cells where they directly interact with p53 and promote ubiquitination and degradation (34) (35) (36) (37) (38) . Interestingly, COP1 is significantly overexpressed in breast and ovarian cancers (39) and ARF-BP1 is also highly expressed in 80% of breast cancer cell lines including MCF-7 and T47D, whereas its expression level in normal breast MCF-10A is negligible (38) . Although the binding region(s) of TOPORS and ARF-BP1 on p53 remains undetermined, it has been suggested that COP1 associates within the central to COOH-terminal domain of p53 (40) . Pirh2 has been reported to interact within the region bounded by amino acids 82 to 292 in the p53 DBD (40) . Parc (a Parkinlike ubiquitin ligase) appears to bind within the COOHterminal region of p53 (amino acids 290-393; refs. 36, 41) . Because p28 does not bind to the NH 2 -terminal MDM2-binding region (Fig. 5B) or the COOH-terminal region of p53 (Fig. 5D) , it suggests that p28 does not inhibit the binding of either MDM2 or possibly Parc to p53. Taken together, the data suggest that p28 binds within amino acids 80 to 276 of the p53 DBD and interferes with the interaction between p53 and the ubiquitin ligases Pirh2, COP1, and possibly TOPORS and ARF-BP1, thereby leading to a decrease in the ubiquitination and degradation of p53. This suggestion fits well with computer modeling data suggesting that azurin binds to the flexible L 1 (amino acids 113-115) and s 7 -s 8 (amino acids 221 and 224-229) loops of the p53 DBD and stabilizes them through protein-protein tight packing (9) . As the L 1 and s 7 -s 8 loops are the most unstable regions in the p53 DBD due to their very loose packing against each other or against the β-sheet core, it results in very high mobility. This conformational flexibility plays a key role in determining macromolecular recognition specificity, allowing for high efficiency and rapid turnover of protein-protein interactions (9) . Although the L 1 and s 7 -s 8 regions also associate with the β 1 -β 2 and β 7 -β 8 sheets in azurin, which do not incorporate the p28 region (9) The tumor suppressor protein, p53, is a predominantly nuclear protein that acts as a transcriptional regulator for the 21-kDa protein p21
Waf1/Cip1 , an inhibitor of cell cycle progression (31, 42) . Treatment of MCF-7 cells with p28 increased p53 levels, leading to higher intracellular levels of p21, a strong inhibitor of CDK activity, especially cdc2 and CDK2 that regulate cell cycle progression at G 1 and G 2 -M, respectively. In the progression through G 2 -M, cdc2 and CDK2 kinases are activated primarily in association with cyclin B and cyclin A (27) . The CDK inhibitor p21 associates with cyclin A in G 2 -M-arrested cells (42) . Under the same conditions, cyclin B1 does not associate with p21 and the level of cyclin B1 increases continuously (42) .
This suggests that the p28-induced G 2 -M arrest in MCF-7 cells is associated with inhibition of CDK2 and cyclin A (Fig. 6A) . The p28-induced increase in p21 in MCF-7 cells was also accompanied by a time-dependent increase in p27, another member of the Cip/Kip CDK inhibitor family. Hsu et al. (43) recently showed that induction of p53 increased both p21 and p27 promoter activity. In addition, p53 DNA-binding activity of the p21 and p27 promoters is reportedly activated by the p53 inducer, progesterone, suggesting that not only p21 but also p27 is transcriptionally regulated by p53 (43) . Collectively, our data suggest that enhancement of p53 levels subsequently upregulates p21 and p27, inducing a significant decrease in intracellular CDK2 and cyclin A levels in MCF-7 cells and inhibition of the cell cycle at G 2 -M (Fig. 6A) . The reported lack of or inefficient association between cyclin B1 and p21 (42) suggests that the increase in cyclin B1 following exposure to p28 may reflect a similar pattern following a p28-induced increase in p21. An increase in phosphorylated cdc2 (inactive form) following exposure Figure 5 . Stabilization of p53 by p28. A, RNA extracted from MCF-7 cells exposed to p28 for 16, 24, 48 , and 72 h. mRNA levels of p53 and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as an internal control gene were determined by reverse transcription-PCR analysis. p53 bands were quantified and normalized against glyceraldehyde-3-phosphate dehydrogenase. Mean ± SE of triplicate assays. B, p53 was pulled down by GST-MDM2 in the presence of a molar excess of p28. Protein samples were loaded on SDS-PAGE and p53 was detected by immunoblotting using anti-p53 antibody. C, MCF-7 cells were exposed to p28 at 50 μmol/L for 24, 48, and 72 h in absence or presence of proteasome inhibitor MG132. The position of the p53-ubiquitin conjugates (p53-Ub n ) is indicated. The histogram shows relative amounts of p53-Ub n (untreated control samples at each time point expressed as 100%). D, three different anti-p53 antibodies, pAb1801 (32-79 amino acids), Ab2433 (277-296 amino acids), and pAb1802 (306-393 amino acids), reacted with GST-p53 immobilized beads in the presence of p28. p28 was detected by immunoblotting using an anti-p28 antibody.
to p28 accompanied the increased cellular level of cyclin B1, suggesting that the increase in the cdc2-cyclin B complex reflects the increase in cdc2 phosphorylation (30, 44, 45) . Nocodazole, a known disruptor of microtubules and transcriptional and translational activator of p21, also induces a similar G 2 arrest in MCF-7 and MDA-MB-468 human breast cancer cells, accompanied by high levels of cytoplasmic cyclin B1 (46) . Differentiation agents such as all-trans retinoic acid and sodium butyrate produce growth inhibition and the G 1 arrest in oral squamous carcinoma cells, which correlates with the induction of G 1 -phase cell cycle regulatory proteins CDK6, p21, and p27 and the inhibition of the G 2 -phase cell cycle regulatory protein CDK2 (47) . Because p28 did not enhance p21 in MDD2 cells, and p27 appears absent in these cells, the levels of CDK2 and cyclin A were not significantly altered (Fig. 6A) and no inhibition of cell cycle occurred. Additional evidence for a p28-induced decrease in the CDK2 and cyclin A complex, a key regulator of cdc2 activity in human cells that causes a G 1 and G 2 -M arrest (48, 49) , is found in the G 2 delay that follows cyclin A RNA interference introduction to HeLa cells (50) . This inactivates the CDK2-cyclin A complex, causing cell cycle arrest in G 2 -M. Our observations suggest that p28 binds to p53, possibly within a hydrophobic DBD (amino acids 80-276), stabilizing the protein and increasing p53 levels by decreasing proteasomal degradation. It subsequently upregulates p21 and p27 and inactivates the CDK2-cyclin A complex, thereby causing a G 2 -M cell cycle arrest in MCF-7 breast cancer cells. Its preferential penetration of human solid tumor cells (11) and prevention of p53 degradation through MDM2-and Parc-independent pathways suggest that p28 and similar peptides may provide a novel source of cytostatic and cytotoxic (apoptotic) agents in the treatment of breast cancer. 
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